The post-translational modification (PTM) of proteins plays a crucial role in modulating many cellular processes. Ubiquitylation is a major form of PTM in eukaryotic cells. This process involves the attachment of ubiquitin (Ub) to one or more lysine residues on a target protein. Given that ubiquitin (Ub) also contains seven highly conserved lysine residues, this process often leads to the formation of polyubiquitin (polyUb) chains on the substrate (for a detailed review, see [1] ). These chains can take many different forms, and the fate of the 'tagged' protein is dependent on the lysine residue involved in the polyUb chain. While polyUb chains (of >4 Ub molecules) linked through K48 are associated with proteasomal degradation, linkages through other lysine residues (such as K63) are associated with nondegradative roles.
Although Ub is absent from most bacterial species, a Ub-like protein called Pup (Prokaryotic Ub-like protein) has been identified in Actinobacteria such as Mycobacterium smegmatis (Msm) and M. tuberculosis (Mtb) [2] . This protein has also been sporadically identified, in a selection of bacterial lineages, such as Nitrospira and the delta subdivision of proteobacteria [3] . Pup is a small (7 kDa) natively unstructured protein, which like Ub is conjugated to the e-NH 2 group of lysine residues on a target protein [2, 4] . The conjugation of Pup to a target protein is mediated by a single Pup ligase, called PafA [5] [6] [7] . Once attached to a substrate, these 'tagged' protein substrates are then recognized by the AAA+ (ATPase associated with a variety of cellular activities) protein Mpa (Mycobacterial proteasome ATPase), which in association with the mycobacterial 20S proteasome is responsible for their ATP-dependent turnover. Interestingly, Pup contains several conserved lysine residues (K7, K31 and K61), each of which can be pupylated (in a process known as polypupylation). Given the obvious analogy between Ub and Pup, and the fact that different types of polyUb chains can form through each of the seven lysine residues (each with a different biological function), we argued that polyPup chains could also form through its three lysine residues and that these chains might exhibit different biological activities. Consistent with this idea, Gur and colleagues recently demonstrated that both Pup and IdeR (a model target protein) can be polypupylated in vitro, and with the use of selected deletion and single-point mutants of Pup, they were able to show that the polyPup chain was primarily formed through K61 [8] . Surprisingly, the polypupylation of PafA does not involve K61, but rather occurs through K7 and K31 [9] . More importantly, the functional consequence of polypupylation remained unclear. As such, we examined the potential regulatory roles of pupylation using model target proteins, including PanB, PafA and Pup.
Here, we show that polypupylation of Pup (and other model substrates) preferentially occurs through K61. These data are consistent with the recent findings of Gur and colleagues. We further demonstrate that polyPup (either free or attached to a target protein) can inhibit proteasome function. We propose that this inhibition is caused by cross-linking of the Mpa CC domains, which prevents substrate translocation through the pore of Mpa, thereby blocking entry into the 20S CP and hence preventing substrate turnover.
In addition, we show that PafA is autopupylated in vitro, at multiple lysine residues. Indeed, optimal autopupylation of PafA appears to involve three separate lysine residues, each of which are likely to be polypupylated. Interestingly, in contrast to Pup, we propose that the polypupylation of PafA occurs in a heterotypic fashion, as neither single nor double lysine mutants of Pup, prevented the formation of high molecular weight PafA conjugates. Significantly, the autopupylation of PafA, which only occurs in the absence of an additional substrate, completely inhibits the ligase activity of PafA. Hence, we speculate that PafA autopupylation serves as a regulatory mechanism to reversibly control the pupylation of target proteins. In the absence of a target protein, autopupylation of PafA inhibits its ligase activity; however, when target proteins become abundant, PafA~Pup is depupylated (presumably by Dop) resulting in the production of free Pup (a source for conjugation) and an active enzyme (responsible for conjugation). Collectively, our in vitro data demonstrate that pupylation, either of Pup (i.e. polyPup) or of PafA, may regulate different components of the Pup-Proteasome system (PPS). In addition, consistent with the recent findings of Darwin and colleagues, who demonstrated that Pup can be transferred from one substrate to another [10] , we speculate that polyPup could also be used as a Pup source for transfer to a new substrate.
Materials and methods

Cloning
Pup lysine mutants (K7R and K31R) were generated by Phusion site-directed mutagenesis PCR using the appropriate primers (Table 1 ). The K61R point mutation was generated by standard amplification of titin-pupE using the appropriate primers (Table 1 ). The amplified DNA was digested with the appropriate restriction enzymes and then ligated into a similarly digested vector (pETHis 6 -TitinI27-PupE). The genes encoding Mpa, PanB, D49-PrcB, and D9-PrcA were amplified from Msm genomic DNA using specific primers (Table 1 ) and cloned into an appropriate plasmid ( Table 2 ). Amplified mpa and panB were inserted into pHUE [11] by Gibson assembly [12] using specific primers (Table 1) . Amplified prcB and prcA were cloned into pETDuet-1 by Gibson assembly using specific primers (Tables 1, 2). Amplified prcB was cloned into multiple cloning site 1 (mcs1), while prcA was cloned into mcs2, to express untagged D9-PrcA. The final clone resulted in the co-expression of His 6 -D49-PrcB with untagged D9-PrcA, equivalent to the open-gate form of the 20S CP (20S OG CP) described by Lin et al. [13] . All clones were confirmed by DNA sequencing. 6 PafA), with the purified pupylated substrates collected in the flow through fraction essentially as described in Striebel et al. [16] . All protein concentrations were determined with the Bio-Rad Bradford assay system using BSA as a standard. Protein concentrations refer to the protomer.
Expression and purification of proteins
In vitro pupylation assays
Pupylation of a substrate (3 lM or 5 lM of GFP, PanB, or EcClpS) was performed at 30°C by incubation with PafA (1 lM or 3 lM) in the presence of wild-type or mutant Pup (E) (10 lM) in PUP buffer (20 mM Tris/HCl [pH 7.5], 20 mM MgCl 2 , 0.5 mM EDTA, and 10% (v/v) glycerol). The reaction was initiated with the addition of ATP (5 mM). For the formation of polyPup, Pup (10 lM) was incubated with His 6 PafA (3 lM) until completion, as described above. Samples were collected at the indicated time points and, stopped (as required) by the addition of sample buffer [50 mM Tris/HCl (pH 6.8), 2% (w/v) SDS, 5% (v/v) glycerol, 50 mM DTT, 0.1% (w/v) bromophenol blue]. For the purification of pupylated substrates (from His 6 PafA) the sample was dialysed extensively against PUP buffer, then incubated with Ni-NTA agarose beads (50 lL) at RT with end-over-end mixing for 30 min, before the unbound fraction was collected by centrifugation for further analysis. To monitor the pupylation of PanB (3 lM) using pupylated PafA (PafA~Pup), the substrate (PanB) was incubated at 20°C in the presence of either PafA~Pup (3 lM) or PafA (1 lM and 3 lM) supplemented with free Pup (5 lM) essentially as described above.
In vitro degradation assays
The CP-mediated degradation of the peptide substrate NSuc-Leu-Leu-Val-Tyr-7-amc (LLVY-amc) was performed using 1 lM 20S OG CP in PUP buffer as described by Lin et al. [13] . The reaction was carried out at 37°C and initiated upon addition of LLVY-amc (20 lM). The degradation of the peptide substrate was monitored by fluorescence at 460 nm (excitation wavelength was 380 nm). The Mpamediated degradation of pupylated substrates (1 lM) by the 20S OG CP (0.5 lM) was performed essentially as described by Striebel et al. [16] . To monitor the effect of Pup and polyPup on substrate turnover, the reactions were also performed in the presence of either free Pup (5 lM) or polyPup (1 lM). Unless otherwise stated, all reactions were performed in PUP buffer at 37°C with 0. 
Biochemical assays (ATPase assay)
The ATPase activity of Mpa (0.5 lM) was measured in the presence of stoichiometric amounts of 20S CP (1 lM), with or without the addition of PanB~Pup (1 lM) or polyPup (1 lM) using a coupled enzyme assay essentially as described in Lindsley [17] . All reactions were performed at 37°C in the presence of 2 mM PEP (Wako), 5 U PK (Sigma), and 7 U lactate dehydrogenase (Sigma) and were initiated with the addition of 2 mM ATP. Samples were monitored at an absorbance of 340 nm (A 340 ) using an SpectraMax M5e ELISA plate reader (Molecular Devices, Sunnyvale, CA, USA) and the data of at least three independent experiments (n ≥ 3) were analysed using GRAPHPAD PRISM (La Jolla, CA, USA).
Results and Discussion
PolyPup chains form primarily through lysine 61
MsmPup contains three lysine residues (K7, K31 and K61) (see Fig. 1A ). To examine the role of each lysine residue in the formation of a polyPup chain, we used a combination of quick change mutagenesis and standard cloning techniques (as described in the Materials and methods and Table 1 ) to generate a series of single (K7R, K31R and K61R, here referred to as R7, R31 and R61, respectively), double (K7R/K31R, K7R/ (Fig. S1)] . Importantly, all Pup mutants were efficiently conjugated to the model substrate PanB (Fig. S2) , which suggests that replacement of each K residue (with R) either alone or in combination did not compromise the structure or function of Pup(E) nor its ability to interact with PafA (for conjugation to a substrate). Next, we examined the ability of wild-type and mutant forms of Pup(E) to pupylate itself (Fig. 1B,C) . Consistent with the recent findings of Gur and colleagues, we found that replacement of K7 or K31 (either alone or in combination) did not alter polyPup formation dramatically (Fig. 1C) . In contrast, mutation of K61 significantly reduced polyPup formation (by~80%), while replacement of K61 in combination with mutation of either K7 or K31 effectively abolished polyPup formation. Importantly, (as a control) each mutant form of Pup was able to pupylate the model substrate (EcClpS) similar to wild-type Pup (Fig. S1B, upper band) . Collectively, these data indicate that polyPup formation occurs through the highly conserved K61. Given that K61 is absolutely conserved in all Pup sequences, including those sequences that are derived from bacterial species that lack proteasome components, it is intriguing to speculate that polypupylation (via K61) may play an important regulatory or nonproteolytic role in the cell.
PolyPup chains inhibit Mpa-mediated substrate degradation by the 20S proteasome
Next, we monitored the effect of the different Pup mutants on the Mpa-mediated turnover of pupylated PanB by the 20S OG proteasome. Specifically, wild-type or mutant Pup was ligated to PanB by PafA (Fig. S2) . Following conjugation, each monopupylated substrate (PanB~Pup) was purified from His 6 PafA by reverse IMAC (Fig. S3 ). The purified substrates were then incubated with the 20S OG CP and Mpa in the presence or absence of ATP. As expected, the monopupylated substrate (PanB~Pup) was rapidly degraded by the 20S OG CP, but only in the presence of Mpa and MgATP (Fig. S4) . Importantly, the rate of turnover of PanB~Pup was largely independent of the Pup mutant that was conjugated to the substrate (Fig. S4) . These data suggest that the Mpa-mediated recognition of a monopupylated substrate was not altered by replacement of any lysine residue within Pup. Next, we asked the question, is the proteasome-mediated turnover of a target protein modulated by the type of pupylation (i.e. are polypupylated and multipupylated substrates degraded at the same rate as monopupylated substrates)? To do so, we used a model protein, IL 5 GFP [18] , referred to here as GFP, to generate two types of pupylated substrates (Fig. S5) . The first type of pupylated substrate was generated using the lysine-free mutant of Pup (RRR) which prevents the formation of polyPup chains and hence only results in multipupylation of GFP (Fig. 2A, lane 4) . The second type of pupylated substrate was generated using wild-type Pup and hence is likely to contain a mixture of polypupylated and multipupylated substrates (Fig. 2A, lane  1) . Surprisingly, when GFP was pupylated with wildtype Pup (i.e. containing a mixture of poly-and multipupylated GFP), little to no turnover of GFP~Pup was observed ( Fig. 2A, lanes 1-3) . In contrast, multipupylated GFP (generated by pupylation using the lysine-free form of Pup, RRR) was rapidly degraded (Fig. 2A, lane 4-6) . Indeed, multipupylated GFP appears to be degraded more rapidly than the monopupylated form (Fig. 2A, lanes 4-6 , compare upper and lower bands). Significantly, the presence of a polypupylated substrate appeared to inhibit substrate turnover. Next, we asked the question can 'free' polyPup also inhibit the Mpa-mediated turnover of a pupylated substrate. Initially, we monitored the turnover of multipupylated GFP (GFP~RRR) in the presence of polyPup ( Fig. 2A, lanes 7-9) . Consistent with lack of turnover by the proteasome of poly/multipupylated GFP ( Fig. 2A, lanes 1-3) , the addition of 'free' polyPup abolished the proteasome-mediated turnover of multipupylated GFP (Fig. 2A, lanes 7-9) . To confirm these findings, we examined the turnover of the model monopuylated substrate PanB (PanB~Pup) in the absence and presence of polyPup (Fig. 2B) . Consistent with published data [16] , PanB~Pup was degraded by the proteasome in an ATP-dependent manner (Fig. 2B, lanes 1-6) ; however, in the presence of polyPup, the turnover of PanB~Pup was completely inhibited (Fig. 2B, lanes 7-12) . Importantly, the inhibition of PanB~Pup turnover was specific to the presence of polyPup, as the addition of free Pup had no effect on the turnover of PanB~Pup (Fig. S4C) . Moreover, neither polyPup nor free Pup is degraded by the proteasome; therefore, the inhibition of PanB~Pup turnover was not simply due to substrate competition (Fig. S6) . Next, to determine which component of the proteasome was inhibited by polyPup, we initially examined the Mpa-independent turnover of a fluorescently labelled peptide substrate (LLVY-amc) by the 20S OG CP in the absence (Fig. 2C , open circles) or presence (Fig. 2C, filled circles) of polyPup. Consistent with a lack of direct interaction with the 20S CP, polyPup had no effect on the turnover of LLVY-amc. Next, we monitored the ATPase activity of Mpa in the absence and presence of polyPup (Fig. 2D) and compared it to the ATPase activity of Mpa in the presence of a model monopupylated substrate (i.e. PanB~Pup). As expected, the ATPase activity of Mpa was stimulated (~3-fold) by addition of the model substrate PanB~Pup (Fig. 2D, grey bar) . Surprisingly, polyPup also stimulated the ATPase activity of Mpa by~3-fold (Fig. 2D, black bar) , suggesting that polyPup was able to interact with Mpa in a substrate-like manner. Collectively these data suggest that polyPup, similar to Pup (and monopupylated substrates), interacts directly with the coiled-coil (CC) domain of Mpa. However, in contrast to a typical monopupylated substrate, in which the N terminus of Pup is translocated through the hexameric pore of Mpa and into the associated peptidase, we propose that polyPup (either free or attached to a substrate) cross-links two or more CC domains of the Mpa hexamer and as a result blocks translocation of the substrate, through the pore of Mpa and into the associated peptidase. As a result, polypupylated substrates (and polyPup itself) are protected from degradation by the proteasome. This raises the possibility that polyPup could reversibly regulate proteasome activity in the cell. It also raises the possibility that multi/poly pupylation of specific target proteins could be used as a mechanism to regulate protein activity independent of degradation. This type of nonproteolytic regulation could be particularly relevant in bacterial species that contain Pup, but lack the a-and b-subunits of the proteasome. Currently, however, the precise rules that determine where and how often a target protein is pupylated remain elusive. Nevertheless, several substrates have been shown to be multipupylated in vitro [8, 9, 19] in a process that may be kinetically favoured in some cases [19] . Significantly, the Pup ligase itself, PafA, was recently shown to be multipupylated both in vitro and in vivo [9] , the significance of which has yet to be defined.
Pupylation of PafA inhibits PafA-mediated substrate ligation
To better understand how and why PafA is multipupylated, we examined the effect of the different Pup mutants on PafA autopupylation. Consistent with recent in vitro findings [9, 20] , a ladder of pupylated PafA was formed in the presence of wild-type Pup (Fig. S7) . However, given that Msm PafA contains 13 lysine residues (9 of which are predicated to be surface exposed based on the structure of Acidothermus cellulolyticus PafA [21] ), these bands could represent either monopupylation at multiple sites in PafA (i.e. multipupylation) or polypupylation of PafA. To help distinguish between the two forms, we compared the pupylation profiles of PafA in the presence of wildtype Pup and RRR (Fig. S7, lanes 2 and 16, respectively) . Consistent with monopupylation of PafA at multiple sites, the RRR mutant of Pup (which is unable to form polyPup chains) formed a distinctive ladder of PafA conjugates. Interestingly, although Msm PafA is predicted to contain 9 surface exposed lysine residues, the conjugation of Pup was largely restricted to three sites in PafA, presumably K320 (identified by Zhang and colleagues [9] ) and two additional residues. Next, we examined the pupylation profile of PafA in the presence of the different single-and double-lysine mutants of Pup (Fig. S7) . Interestingly, mutation of each individual lysine residue in Pup resulted in a dramatic increase of high molecular weight conjugates to PafA (> 180 kDa) relative to wild-type Pup or RRR, which likely represent polypupylated forms of PafA (Fig. S7, lanes 4, 6, and 10 ). These data suggest that the polypupylation of PafA is likely to occur through all three lysine residues not only K61 (as was observed for polyPup formation, see Fig. 1 ). Consistent with this interpretation, all three double mutants of Pup (i.e. R7/61, R7/31 and R31/61) exhibit significantly more, high molecular weight pupylation of PafA (Fig. S7, lanes 8, 12 and 14) than observed in the presence of RRR (Fig. S7, lane 16) . Collectively, these data suggest that polypupylation of PafA, in contrast to polypupylation of Pup, occurs through all three lysine residues in Pup. The reason for this difference, however, currently remains unclear. Next, we examined the significance of PafA oligopupylation (i.e. mixture of polypupylation and multipupylation). To do so, we monitored the enzyme activity of PafA, before and after autopupylation (Fig. 3A) , using the model substrate PanB (Fig. 3B ). Despite incubating with an excess of Pup, we were unable to completely pupylate PafA (Fig. 3B, compare lanes 1 and 2) , suggesting that pupylation of PafA was inhibitory to its own activity. Next, we compared the conjugation of Pup to PanB, by either PafA (Fig. 3B, lanes 9-14) or PafA~Pup (Fig. 3B,  lanes 2-7) . As expected, in the absence of pupylation, PafA catalysed the rapid and complete ligation of Pup to the model substrate PanB (Fig. 3B, lanes 9-14 and 3C , open circles). In contrast, following autopupylation of PafA, the rate of Pup conjugation to the model substrate PanB was significantly reduced (Fig. 3B , lanes 2-7 and 3C, filled circles). Indeed, the conjugation of Pup to PanB was effectively due to the amount of 'unpupylated' PafA remaining (Fig. 3C, open diamonds) . Hence, these data suggest that oligopupylation of PafA is able to completely inhibit the activity of the enzyme. Interestingly, a similar inhibition of PafA ligase activity was also observed when PafA was modified with RRR, demonstrating that multipupylation of PafA is sufficient to inhibit its enzyme activity (Fig. S8) . Collectively, these findings indicate that similar to Mpa [22] , the activity of PafA can also be regulated through pupylation, reinforcing the view that the PPS is a tightly controlled proteolytic system, which is perhaps more complex than was first thought. 
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